A challenge in cell-based cartilage regeneration therapies is the identification of a ''personalized diagnostic tool'' to predict the chondrogenic potency of cells from patients who are going to be treated with autologous cells.
Introduction
Modern society is influenced by an increasing life expectancy and a growing number of people participating in all kinds of sports with high risk for injuries. Therefore, the frequency of traumatic injuries of the knee joint resulting in articular cartilage lesions is growing. Despite the remarkable durability of cartilage tissue, its capacity for self-repair is very limited. Furthermore, lesions in adult cartilage tissue can induce degenerative processes that result in osteoarthritis. 1 To reverse this loss of functional hyaline cartilage, several repair strategies have emerged, including replacement of lost cartilage using autologous tissues like osteochondral grafts 2 or the regeneration potential of bone marrow. 3 To improve the treatment of chondral defects of the knee joint, cell-based strategies like autologous chondrocyte transplantation (ACT) were established. 4, 5 To overcome the difficulties associated with the first generation of cellbased repair strategies, such as a graft failure or delamination, 6 further improvements were introduced, like seeding cells on a collagen membrane or embedding chondrocytes in three-dimensional (3D) matrices. [7] [8] [9] Several partly randomized controlled studies were published comparing the outcomes of different repair strategies with respect to defect sizes and locations as well as short-term and longterm follow-up. Taking study types, patient groups, and readout parameters into account, a great variation in the quality of repair tissues was obtained. 10 This may imply the necessity to include further validation parameters that have been underestimated to date.
Furthermore, the influences of scaffold materials on chondrocyte behavior with respect to cell signaling, cellmatrix interactions, and composition of the extracellular matrix (ECM) produced by embedded cells have not been fully elucidated. 10 To promote self-organization of chondrocytes into a 3D tissue architecture avoiding unwanted scaffold effects, a scaffold-free approach is recommended. 11 It is already known that isolation of chondrocytes from their natural environment and subsequent monolayer expansion leads to a loss of cell-matrix interactions and a shift from type II collagen to type I collagen expression. 12, 13 This phenotypic shift is also visible by a loss of S100 in monolayer culture. 12, 13 Culturing these cells in a 3D environment is able to reverse these effects. Furthermore, various growth factors such as transforming growth factor beta (TGF-b) family members, e.g. TGF-b 2 , 14 or bone morphogenetic protein family members, e.g. BMP-2, BMP-4, BMP-6, and BMP-7, 15 are suitable to support redifferentiation.
Besides these variations in culture and differentiation conditions, the individual genetic imprinting of chondrocytes might interfere with cell-based therapies. The aim of this study was to investigate the influence of donor characteristics on the redifferentiation potential of isolated chondrocytes after propagation in monolayer cultures. Chondrocytes isolated from human condyles where initially cultured as monolayers and subsequently transferred to a scaffold-free 3D culture system. 11, 16 Taking previous findings into account, TGF-b 2 was utilized to support the redifferentiation process. 17 
Materials and methods

Tissue preparation and cell culture
Human articular cartilage samples were obtained from femoral condyles of patients undergoing knee surgery (knee joint endoprosthesis). An informed, written consent was obtained from all patients. Data were generated by performing independent experiments on cartilage samples from six different patients. Age was in between 64 years and 80 years, five male and one female donor and the histological grading of ostheoarthritis was in between 1 and 2 ( Table 1) . Isolation of chondrocytes was performed as previously described. 11 Cartilage tissue was peeled from the condyles with a scalpel. Chondrocytes were isolated by mechanical mincing of the tissue with a scalpel followed by enzymatic treatment (collagenase, 350 U/mL in MEM alpha medium and HAM's F12 (1:2), Biochrom, Berlin, Germany). The closed tube was placed on a shaker (Thermomixer comfort, Eppendorf, Hamburg, Germany) at 300 r/min interval mixing and incubated at 37 C for 20 h. The isolated chondrocytes were centrifuged at 300 Â g for 5 min. The supernatant was removed and the cell pellet was resuspended with 10 ml of MEM alpha medium plus HAM's F12 enriched with 1% L-glutamine (Biochrom), 10% human serum (serum pool from voluntary donors), further designated as basal medium. The chondrocytes were plated and expanded as monolayers at 37 C and 5% CO 2 . Cells were removed for subcultures using 0.05% trypsin and 0.02% EDTA (Biochrom), and plated at a defined ratio (1:3). Second passage (P2) cells were transferred to a 3D-promoting environment as described below (Figure 1 ). During the expansion stage, chondrocytes were cultured in basal medium without the addition of growth factors. 
Generation of microtissues and chondrogenic redifferentiation
To induce microtissue formation, P2 chondrocytes were suspended in basal medium and seeded in agarose-coated 96-well plates at 3 Â 10 5 cells/well. A schematic overview of the isolation and differentiation process is visualized in Figure 1 . 3D chondrocyte constructs were further cultured using this agar overlay technique. 11 To investigate the influence of differentiation-promoting factors, the following media were applied: basal medium, basal medium supplemented with 50 mg/ml L-ascorbic acid (Biochrom), basal medium plus 5 ng/ml TGF-b 2 (Miltenyi Biotec, Bergisch Gladbach, Germany), or basal medium supplemented with 50 mg/ml L-ascorbic acid and 5 ng/ml TGF-b 2 .
Histological and immunohistochemical analysis
After four weeks of in vitro tissue development, constructs were harvested, embedded in Neg-50 frozen section medium (Richard Alan scientific, Kalmazoo, USA) and sectioned using a cryomicrotom (Microm GmbH, Walldorf, Germany). Cryosections on glass slides were fixed in a two-step process. A formalin fixation (4% at 4 C for 10 min, AppliChem, Darmstadt, Germany) was followed by incubation in a mixture of methanol/acetone (1:1 at À20 C for 10 min, Roth, Karlsruhe, Germany). 17 Histological staining was performed with hematoxylin and eosin (H&E) (AppliChem) for morphological analysis and Safranin O-Fast Green (SO) (AppliChem) to visualize glycosaminoglycans. Immunohistochemical analyses were carried out to detect human collagen type I, collagen type II, and S100 in fixed cryosections or monolayer-cultured cells. 13 Sections were rinsed with phosphate-buffered saline (PBS) and incubated for 20 min at room temperature (RT) with normal goat serum (Dianova, Hamburg, Germany) diluted 1:50 in PBS/0.1% BSA (Roth). Primary antibodies were diluted in PBS/0.1% bovine serum albumin (BSA) as follows: anti-collagen type I and anti-collagen type II (1:1000, MP Biomedicals, Ohio, USA), and anti-S100 (1:400, DakoCytomation, Glostrup, Denmark). The cryosections were incubated with primary antibodies in a humified chamber overnight at 4 C. After washing three times with PBS, the slides were incubated for 1 h at RT with Cy3-conjugated goat anti-mouse (Type I and II Collagen) and goat anti-rabbit (S100) antibody (Dianova, Hamburg) diluted 1:600 in PBS/0.1% BSA including DAPI (1 mg/ml; Fluka, Seelze, Germany) to stain cell nuclei. The preparations were mounted in fluorescent mounting medium (DakoCytomation) and analyzed by fluorescence microscopy. Cryosections of native human articular cartilage were used as positive control for collagen type II and S100 and as negative control for collagen type I. In order to test for unspecific binding of the secondary antibody, staining without primary antibody was included in all experiments.
Microscopy of living cells and microtissues
Microscopic imaging of histological preparations was carried out using a BX41 microscope (Olympus, Hamburg, Germany) equipped with a Color View I camera (Olympus) and Cell D -Imaging software (Soft Imaging Systems, Muenster, Germany). Fluorescence imaging was performed using a fluorescence microscope system (IX81, Olympus) with a xenon burner (MT20, Olympus). Image documentation and evaluation were performed using a digital camera (F-View II, Olympus) and Cell R -Imaging Software for Life Science Microscopy (Soft Imaging Systems). Immunohistochemical images were taken with a black-and-white camera and subsequently colored using the Cell D -Imaging Software for Life Science Microscopy (Soft Imaging Systems). Living cells and microtissues were visualized by phase contrast microscopy (CKX 41, Olympus), reflected light microscopy (SZX10 stereo microscope, Olympus), and evaluated using a DP 71 camera (Olympus) and Cell D -Imaging software.
Gene expression analysis
In addition to the expression check for chondrogenic markers on protein level, the gene expression on RNA level was analyzed for two samples (one from each donor group). These two tissue samples were big enough to end up with enough cells in P2 to perform also the RT-PCR analysis. For RNA isolation, monolayer cells were centrifuged for 5 min at 300 Â g. The pellet was washed with PBS and subsequently resuspended in TriPure extraction buffer (Roche, Mannheim, Germany) using 1 Â 10 6 cells/ml. Total RNA was extracted according to the manufacturers' protocol. For RNA preparation from spheroids, the microtissues were washed in PBS followed by homogenization in extraction buffer (TriPure) using a pestle. The isolated total RNA was quantified by using NanoDrop Õ ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) at 260/280 nm. cDNA synthesis was performed with 1.0 mg of RNA using a Transcriptor High Fidelity cDNA Kit (Roche) according to the manufacturer's guidelines. Gene expression was quantified by quantitative real-time polymerase chain reaction (qRT-PCR) using a LightCycler 2.0 and LightCycler Õ FastStart DNA SYBR Green I MasterPlus-Mix (Roche) according to the manufacturers' guidelines. Amplifications were carried out with primers for collagen type IAII (COL1A2), collagen type IIA1 (COL2A1), proteoglycan 4 (PRG4), s100B (S100B), and cartilage oligomeric matrix protein (COMP). The levels of expression were analyzed in triplicate and normalized by the expression of beta-actin (ACTB). The primer sequences used for the analysis are listed in Table 2 . Relative gene expression was calculated using the 2 ÀÁCT method. In case of the comparison of monolayer cells and microtissues, all data were normalized to the reference gene ACTB by Delta Delta CT method. Values were displayed as x-fold change of controls.
Results
Characterization of donor tissues and cells
The histological gradings of the used tissues are summarized in Table 1 . Exemplarily, the macroscopic appearance of a condyle of donor 2 is shown in Figure 2 (a). Cartilage pieces cut out of femoral condyles were analyzed histologically to assess the overall quality of the original cartilage tissues as starting materials. H&E staining visualized the typical tissue architecture of hyaline cartilage (data not shown). Cartilage-typical proteoglycans (PGs) were detected within the ECM visualized with Safranin O staining in red, omitting only a small region linked to the superficial zone of articular cartilage (Figure 2 (b), red), which reflects histopathological grade 1 of osteoarthritic cartilage in the specimens (cartilage histopathology grade assessment-grading methodology 18 ). In general, no significant differences between the individual specimens from the donors were observed. Based on this histological grading system of osteoarthritic cartilage, four samples were assessed grade 1, one sample grade 1.5, and one sample grade 2 ( Table 1 ). The original tissue samples expressed cartilage typical collagen type II. Highest expression is seen in the pericellular regions, reduced positivity was detected in middle and deep zones of the specimens (Figure 2(c) , red). The outer zone was negative for collagen type II. This region was also negative for PGs. All donor cartilage tissues were negative for collagen type I (Figure 2 (c), red). Chondrocytes expanded in monolayer cultures started to dedifferentiate, indicated by a shift from a rounded cell shape to a more fibroblastic morphology accompanied by down-regulation of collagen type II and up-regulation of collagen type I in P2 cells (Figure 3(a) and (b) ). The immunohistological data were similar for all individual cell cultures established from different donor tissues. The supplementary data with respect to the expression analyses on mRNA level of cartilage-specific genes in P2 monolayer cells verified these results. The relative gene expression levels for collagen type II, s100b, and prg4 were quite low, whereas that for collagen type I was three times higher than the expression level for collagen type II. The relative gene expression values were similar among the individual donors, (Figure 3(c) ).
To investigate the donor-related redifferentiation capacity of the propagated chondrocytes, microtissues were generated. Individual cells were still visible on the surface of the spheroids after one week in culture (Figure 4(b) left), whereas a smooth glossy hyaline-like surface was strikingly indicative for the synthesis of ECM embedding the cells after four weeks in culture (Figure 4(b) , right).
Microtissue morphology and PG synthesis
Safranin O-Fast Green staining revealed remarkable differences between the analyzed personalized cells and the used supplements. One group of donor cells displayed deposition of PGs for all medium compositions used in variable amounts (Figure 4(a) , left column). Even microtissues cultured in basal medium only displayed Safranin O-positive regions (Figure 4, basal) . Addition of TGF-b 2 caused marked induction of PG synthesis, while the combination of ascorbic acid and TGF-b 2 was superior and resulted in very high PG contents in the whole microtissues. Therefore, the cells in this group were designated ''responders.'' In (Figure 4 , right column). Even TGF-b 2 and ascorbic acid supplementation did not result in any detectable PG deposition. Therefore, the cells in this group were classified as ''non-responders.''
Expression of cartilage-specific proteins
To investigate the distribution of hyaline cartilage-specific proteins within the in vitro microtissues, collagen type II and S100 were analyzed. In microtissues from responder cells ( Figure 5(a) , left column), variations in collagen type II expression were seen with respect to the medium composition ( Figure 5(a) ). Microtissues cultured in basal medium showed moderate collagen type II expression ( Figure 5(a) , control). Addition of TGF-b 2 or TGF-b 2 plus ascorbic acid resulted in broad collagen type II deposition throughout the microtissues. Addition of L-ascorbic acid only did not lead to elevated collagen type II expression. Microtissues generated from non-responder cells, identified by Safranin O analysis, did not express collagen type II at all ( Figure 5(a) , right column). Even supplementation with TGF-b 2 or TGF-b 2 plus ascorbic acid was unable to induce collagen type II expression in these cells.
At first sight, the expression of the intracellular protein S100 revealed comparable results to the collagen type II findings with respect to the individual donor cells. One group of cells was able to express S100 ( Figure 5(b) , responders), while the other group of cells was not ( Figure 5(b) , non-responders). Similar to the collagen type II situation, supplementation with TGF-b2 or TGF-b2 plus ascorbic acid augmented the expression of S100 in responder cells.
In contrast to the collagen type II situation, almost all cells in microtissues cultured in basal medium or supplemented with ascorbic acid only expressed intracellular S100 ( Figure 5(b) ), whereas collagen type II was only marginally expressed ( Figure 5(a) ). According to the findings of the histochemical and immunohistochemical analysis, four out of six donors were classified as responders and two as non-responders. Collagen type I was also expressed in the microtissues of the responder group, whereas microtissues of non-responders did not express collagen type I (supplementary Figure 1 ). For comparison, monolayer cells of all donors expressed collagen type I and did not express collagen type II (see Figure 3 ). Representative controls for IH are shown in Figure 7 . The primary antibody was omitted and secondary antibodies detecting mouse antibodies (Figure 7(a) ) or rabbit antibodies (Figure 7(b) ) were applied on microtissue cryosections.
Quantitative real-time PCR analyses of cartilagespecific gene expression
In order to investigate this variable behavior of the donor cells -responder or non-responder -during the process of redifferentiation, a quantitative real-time PCR analysis was done. This complementary analysis accompanying the analysis on protein level was done on the basis of two samples (one of each donor group). This restriction was necessary because only a limited number of cells in P2 were available for monolayer and 3D microtissue experiments. Gene expression analyses for cartilage-related genes comparing monolayer-cultured cells and their corresponding cartilage microtissues further supported the results of the Figure 6 , clear differences in the gene expression levels were detected between the cells from different donors. In the case of the responding donor cell group col2a1, prg4, and s100b displayed remarkable increases in gene expression in microtissues ( Figure 6(a) ). Furthermore, the amount of col2a1 mRNA increased stepwise by the addition of ascorbic acid via TGF-b2 towards TGF-b2 plus ascorbic acid. In contrast, the formation of 3-D microtissues was not sufficient to induce cartilage-specific gene expressions in the non-responding cell group (Figure 6(b) ). Besides a slight up-regulation of s100b, no increases in gene expressions were observed. In case of the hyaline cartilage-specific gene col2a1, even a clear down regulation was observed. These quantitative PCR data as well Figure 5 Immunohistochemical analyses of cartilage-specific proteins in cartilage-like microtissues. (a and b) Indirect immunofluorescence for collagen type II (a) and S100B (b) with respect to different culture medium conditions (red: collagen type II or S100B; blue: cell nuclei stained with DAPI). Scale bars ¼ 200 mm Relative gene expression levels of the cartilage-specific markers collagen type II, PRG4, S100B, and COMP were analyzed and supplemented by the expression level of the dedifferentiation marker collagen type I. The expression levels were measured by quantitative real-time RT-PCR and normalized by the b-actin expression levels. Monolayer-cultured cells from the same donor at P2 (start of 3D culture) served as controls and are depicted as baseline (number ''1'' at the y-axis). Data are expressed as means AE SD of three independent triplicate experiments as the immunohistochemical analyses demonstrate divergence in the redifferentiation potential of cells isolated from individual donors, thereby confirming the grouping of these cells into responders and non-responders.
Discussion
ACT or autologous chondrocyte implantation (ACI) is a routine technique for the regeneration of focal cartilage lesions. Next-generation techniques were developed with the common aim for transplanting 3D tissue-like structures. Clinical studies revealed great variation in the examined characteristics such as study types, patient groups, and readout parameters. 10 Identification of patients as responders is an important aim for successful application of cellbased regenerative treatments in cartilage repair. Dell'Accio et al. 19 used a nude mouse assay to identify molecular markers in expanded chondrocytes for stable cartilage formation in vivo. Saris et al. 20 used their results to introduce a specific gene marker cut-off score as a criterion for implantation in a clinical trial. To our knowledge, it is not currently known whether low gene scores are indeed associated with less successful outcomes, and whether high gene scores are potentially predictive of better clinical outcomes. Moreover, Stenberg et al., 21 did not observe any significant difference in the expression of the predefined gene marker set of ACI chondrocytes between successful and failed implants after three years follow up. The expression analysis was done using surplus chondrocytes in passage 2 in monolayer culture of five patients with graft failures and five patients with clinical improvement. In the present study, an in vitro 3D model was used to identify differences in the cellular capacity for redifferentiation. 16 Despite almost identical RNA profiles of chondrocytes propagated in monolayer cultures from different donors (see Figure 3 ), we could identify two distinct groups of cell populations. The cells in one group showed a clear redifferentiation potential (designated responders), while the cells in the other group did not respond to the redifferentiation treatment (designated non-responders).
In general, chondrocytes transferred from their natural environment to an artificial monolayer culture start to express collagen type I instead of the hyaline cartilagespecific collagen type II. 19, 22 This phenotypic shift was also observed in all cells examined in the present study. One of the basic problems in cell-based cartilage repair strategies is to circumvent this dedifferentiation process and enable chondrocytes to maintain their redifferentiation potential. 10 To avoid undesired influences from scaffold materials in the tissue engineering process and provide a system quite close to the natural process of chondrogenesis, a scaffoldfree culture system was selected. 11, 13, 16 The medium used for chondrogenic differentiation varies widely throughout the literature including serum-free, serum-containing, and a high variety of specific additives with the aim to achieve the highest differentiation of chondrocytes in vitro. 12, [23] [24] [25] Our study has the basic aim to capture and visualize individual differentiation capacities of chondrocytes derived from different donors with regard to a possible personal regeneration capacity using a cell-based therapy. Therefore, we want to use a differentiation strategy, which does not change the personalized intrinsic potential of cells isolated from an individual-related cartilage tissue. We want to avoid culture conditions, which force cells in a special direction. That is why we try to mimic the natural situations as close as possible. Tissue regeneration is thought to recapitulate the first steps of chondrogenesis in embryonic development of vertebrates, 26 e.g. cell condensation. Therefore, we selected the scaffold-free agar overlay technique to allow an aggregation process and a self-organization of the cells as a tissue using intrinsic capacities like cell-cell contacts and paracrine communication. On the other hand, we used only human serum as medium additive for cell nutrition and assistance to differentiate. 16 To get any information about a possible enhancement of this basic redifferentiation process of individual chondrocytes, we selectively added wellknown specific differentiation factors (TGF-b2, L-ascorbic acid). 17, 27 Also, other studies use 5% or 10% serum in the differentiation medium with/without the addition of a specific growth factor 28, 29 or even increase the serum concentration in the differentiation medium from 5% to 20% compared to the medium for monolayer culture. 27 Since Tallheden et al. 23 2005 were able to show comparable differentiation capacities for chondrocytes originating from OA patients or young individuals, we decided to use one of these cell sources, OA cartilage.
Several studies have demonstrated positive effects of TGF-b on collagen type II expression in cartilage and chondrocyte maturation, 24, 30, 31 which were confirmed in the present study within the group of responders. Addition of TGF-b 2 had a promoting effect on the redifferentiation of the generated microtissues, visualized by increased PG and collagen type II synthesis and increased expression of hyaline cartilage-related genes. Besides TGF-b 2 , ascorbic acid was used as an inducing factor for chondrogenesis in several studies, resulting in conflicting outcomes. 32, 33 In our study, ascorbic acid did not have any influence on the PG, collagen type II, or S100 contents in microtissues.
Collagen type II, a hallmark of articular cartilage, was down regulated within one or two passages after chondrocyte isolation, whereas S100 was detected even after several population doublings in monolayer cultures. 13, 25 The first description of S100 in human chondrocytes was published 30 years ago. 34 Nevertheless, S100 is still not widely accepted as a marker for the chondrogenic phenotype. 16, 25, 35 To further support the concept of S100 as an early indicator of chondrocyte differentiation, collagen type II and S100 expressions during self-aggregation and microtissue maturation of the expanded chondrocytes were compared. For the group of responders, clear differences in the expressions of S100 and collagen type II with respect to the medium conditions used were obvious. A comparison of Figure 3 (a) with Figure 3 (b) supports the conceptual idea that S100 is expressed at an earlier time point during the process of redifferentiation than collagen type II. S100 was ubiquitously distributed throughout the cryosections of microtissues of responders cultured without any special additives. In contrast, the group of non-responders did not show any expression of S100 irrespective of the added redifferentiation stimuli. In addition, the early detection of S100 compared with collagen type II is another hint for the classification of S100 as an early chondrospecific marker.
The observation that the S100B expression is closely spaced by collagen type II is in accordance with the report of Diaz-Romero et al. 36 observing a simultaneous upregulation of S100B and collagen type II during redifferentiation of human articular chondrocytes. Furthermore, S100 is proposed as marker to assess chondrogenicity of human articular chondrocytes, of potential value for cell-based cartilage repair treatment. 24 S100 proteins seem to be dispensable for chondrogenesis. 29 S100A1 and S100B have no obvious effect on chondrogenic differentiation and cartilage matrix production. 37 Consequently, inhibition of S100 would not necessarily lead to inhibition of chondrogenic differentiation. Silencing of S100A1 and S100B genes by siRNA did not affect early differentiation markers but the terminal differentiation markers were markedly enhanced. S100 proteins as targets of SOX9 and its coactivators SOX5 and SOX6 did not induce early differentiation of chondrocytes but suppressed terminal (hypertropic) differentiation. 37 These transcription factors show early expression during cartilage differentiation and are essential for the underlying signaling pathway. 38 In summary, the cells of all analyzed individual donors displayed quite similar passage-dependent loss of cartilagespecific proteins during monolayer culture. Transfer of these dedifferentiated cells to a scaffold-free 3D culture system led to the formation of microtissues. Regarding the redifferentiation potential of the chondrocytes, clear donorspecific behaviors were obvious, leading to a classification of responders and non-responders. In addition to the individual abilities of the cells to redifferentiate in the described 3D culture, the cells also revealed donor-dependent responses to the cartilage differentiation-promoting factors ascorbic acid and TGF-b 2 or TGF-b 2 alone. Chondrocytes with a capacity to redifferentiate without supplementation (responders) displayed strong responses to TGF-b 2 and Lascorbic acid with respect to the expressions of hyaline cartilage-specific markers. In contrast, non-responder cells were able to form microtissues, but lacked the molecular signs of cartilaginous redifferentiation. To visualize this donor-dependent features, we focused on the analysis of the main differentiation markers of chondrocytes in monolayer cells and cryosections of 3D spheroids on protein level. Relating to cell-based therapeutic approaches to repair/ regenerate cartilage defects, the evaluation of the outcome is mainly based on protein/ECM analyses using immunohistochemistry or histology (beside the ratings via appropriate clinical scores). Here, emphasis is placed on the detection and localization of proteins on sections. This approach is also recommended by the International Cartilage Repair Society (ICRS) in the ''Guidelines for histological endpoints for cartilage repair studies in animal models and clinical trials.'' 39 This methodological approach was also used by Mumme et al. 40 in their first-in-human trial using nasal chondrocyte-based engineered autologous cartilage tissue for repair of articular cartilage defects.
In conclusion, our data indicate that individual donor prerequisites may influence the therapeutic outcomes when using propagated cells for autologous cell-based cartilage regeneration therapies. We could show that analysis of common cartilage-specific markers may not be sufficient to identify responders in monolayer cultures prior to a cellbased therapy. Therefore, the identification of other attributes may be necessary to predict the personalized potential of cells to regenerate cartilage defects.
First hints regarding new markers for quality control and evaluation of ACI were described on the basis of a global gene array comparison of grafts with successful and failed outcomes. 21, 41 Further investigations are necessary to analyze possible personal-based factors characterizing the biological response of individual cells in a redifferentiation process in vitro. Identification of factors that regulate cell redifferentiation allowing the identification of responders and non-responders is still elusive. Obvious factors may be components of the microenvironment of the cells (e.g. cell-cell and cell-matrix contacts, specific growth factors/ signaling molecules) as well as parts of the macroenvironment of the individual articular cartilage. The list of influencing factors of the macroenvironment could include the activity of the patients, the compression load applied to the knee joint, asymmetry of the joints, influence of drugs for pain treatment, other drugs, or further diseases. Broader studies are necessary to identify the factor(s) involved in the personalized differentiation capacity of monolayerexpanded human chondrocytes. These studies should be based on a higher donor number and should include the recording of clinical data of the donors to establish a ''patient profile'' typical for responders or non-responders. Above all, the described in vitro platform using the formation of scaffold-free 3D microtissues to discriminate responders from non-responders may be a suitable basis to establish a ''personalized diagnostic tool.'' This tool would give the opportunity to assess the capacity of expanded chondrocytes to respond to an autologous cellbased therapy. Avoiding any kind of animal experiments is a suitable basis for standardizing and validating this projected ''personalized diagnostic platform.'' Moreover, in vitro cartilage microtissues expressing donor-specific features may be a suitable tool to look for and identify an early biomarker which would allow the identification of responders and non-responders.
